The microstructure of threshold hearing curves and the frequency spectra of evoked otoacoustic emissions both often evince a roughly periodic series of maxima and minima. Current models for the generation of otoacoustic emissions explain the observed spectral regularity by supposing that since the cochlea maps frequency into position the spectral periodicity mirrors a spatial oscillation in the mechanics of the organ of Corti. In this view emissions are generated when forward-traveling waves reflect from periodic corrugations in the mechanics, suggesting that the amplitude of the cochlear traveling-wave ratio•defined to be the ratio of the backward-and forward-traveling cochlear waves at the stapes--should manifest pronounced maxima and minima with a corresponding periodicity. This paper describes measurements of stimulus-frequency emissions, establishes their analyticity properties, and uses them to explore the spatial distribution of mechanical inhomogeneities (emission "generators") in the human cochlea. The approximate form and frequency dependence of the cochlear traveling-wave ratio are determined noninvasively. The amplitude of the empirical traveling-wave ratio is a slowly varying, nonperiodic function of frequency, suggesting that the distribution of inhomogeneities is uncorrelated with the periodicity found in the threshold microstructure. The observed periodicities arise predominantly from the cyclic variation in relative phase between the forwardand backward-traveling waves at the stapes.
trally mediated variations in emission characteristics. In addition, careful measurements of stimulus-frequency emissions (Zwicker and Schloth, 1984) have an analytic structure inconsistent with that of a causal system (Shera and Zweig, 1986 , unpublished analysis), raising the intriguing possibility that feedback from the brain plays a major role in controlling evoked emission. Since the stimuli used in the measurements are periodic and therefore "predictable," the brain may actually be anticipating its input and altering the mechanical state of the cochlea accordingly. As seen from the ear canal, the cochlea would then appear acausal in its response. This paper describes measurements of otoacoustic emissions performed with an accuracy sufficient to test this apparent acausality and to determine the frequency dependence of the complex-valued traveling-wave ratio. Determination of the traveling-wave ratio enables one to explore the nature of the mechanical inhomogeneities (or, more generally, the emission "generators") from which backward-traveling waves originate. [The traveling-wave ratio, denoted R(to), is defined to be the ratio of the backward-to the forward-traveling wave measured at the basal end of the cochlea near the stapes.] The distribution of inhomogeneities cannot currently be determined from measurements of basilar-membrane motion because those measurements are made at a single point. A quantitative analysis of otoacoustic emissions, however, makes an exploration of the spatial variation of mechanical properties possible.
Two simple spatial distributions of the inhomogeneities are consistent with current experiments. Since the cochlea maps frequency into position, one possibility is that the spatial variation of mechanical characteristics correlates strongly with the periodicities observed in otoacoustic emissions and the threshold microstructure (e.g., Manley, 1983; Strube, 1985; Peisl, 1988; Strube, 1989; Fukazawa, 1992) . For example, the effective damping of the organ of Corti could be made to mirror the microstructure of the threshold hearing curve, with smaller damping (and therefore greater sensitivity) occurring at points corresponding to threshold minima (where quieter sounds can be detected).
Another possibility is that the spatial variation of mechanical characteristics is uncorrelated with the periodicities manifest in the frequency distribution of spectral peaks in otoacoustic emissions and the corresponding minima in the microstructure of the threshold hearing curve. In this case the inhomogeneities could, for example, be densely and randomly distributed along the organ of Corti and the periodic spectral variations due entirely to the frequency dependence of the relative phase at the stapes of the forward-and backward-traveling waves, leading to an alternation of constructive and destructive interference as the frequency of the stimulus is varied monotonically. A mechanism explaining the emergence of such striking spectral order through the scattering of cochlear waves by what may be essentially random spatial inhomogeneities is presented elsewhere (Shera and Zweig, 1993) . Evidence for or against these two possibilities, both capable of explaining the oscillatory structure of the measured ear-canal pressure Pec and the correlated threshold microstructure, is provided by the form of the traveling- Starting with the empirical form for R determined here, another paper solves the cochlear "inverse scattering problem" and outlines a candidate theory for the origin of evoked emission (Shera and Zweig, 1993) . That model shows how the measurements and analysis techniques discussed below can be employed to provide noninvasive probes of cochlear mechanics and determine characteristics of the impedance of the organ of Corti near the peak of the basilar-membrane response function. 
I. THE MEASUREMENT

A. Equipment and methods
Otoacoustic emissions were measured in the human ear canal using a setup whose block diagram is illustrated in Fig. 1 
The measurement thus consists of determining the dimen- 
where As a control and check of the linearity of the measurement system, the ratio p' was measured with the probe assembly inserted into a rigid-walled cylindrical cavity. The resulting measurements of P•av, performed at sound pressure levels corresponding to sensation levels (SL) of 20 and 40 dB above threshold, are shown in Fig. 3 . Except for differences in the noise level near the impedance minimum (arising from the zero in the reactante at the cavity resonance), the two data sets are indistinguishable.
Chiefly 
where the smooth background is recovered as the limit P0--lira p. 
where the dimensionless frequency 11 is defined by ll----rco.
By using the approximate form (25) for R and the assumption that R 1 and r are slowly varying one finds 
and is therefore roughly 1.4 near the stapes. 
H. Anomalies and other subjects
The analysis above has focused on determining the form of R in a region where p has a simple, regular struc- 
where the presence of the small parameter e indicates that P0 varies slowly relative to A. A novel smoothing technique was developed and used to separate those two components.
Whereas the linear background is determined principally by the acoustic properties of the recording system and middle ear, the oscillatory component varies nonlinearly with sound pressure level and originates within the cochlea.
Measurements of the high-amplitude limit p • indicate that the smoothing technique accurately extracts the leveldependent, oscillatory component of the ear-canal sound pressure (see the Appendix). In practice, measurements are only available over a finite frequency range, and the smoothing operation is complicated by end effects. Throughout this paper, the measured frequency interval was chosen to include an integral number of spectral cycles and smoothing was performed using periodic boundary conditions (i.e., as if the measured frequency interval had been wrapped around a cylinder). The smooth background so obtained was dis- The coefficient of the term proportional to R (and hence the amplitude of the oscillations in n) therefore increases with the filtering error ß. In the limit ß-, 1, the oscillations in n have twice their proper amplitude. SFor simplicity--and consistency with the representation given in Fig. 2 of Zwicker and Schloth ( 1984)--the Hilbert-transform analysis given in Fig. 7 is performed on the log-amplitude and phase of the pressure (i.e., on the real and imaginary parts of In P rather than P). The analysis therefore tests for the more stringent analyticity properties of minimumphase behavior. Minimum-phase behavior, required of driving-point impedances, is found in the emission measurements reported here. Hilberttransform analysis based on the real and imaginary parts of P demonstrates that the measurements of Zwickcr and Schloth cannot rep-
